Inner ear hair cells detect environmental signals associated with hearing, balance, and body orientation. In humans and other mammals, significant hair cell loss leads to irreversible hearing and balance deficits, whereas hair cell loss in nonmammalian vertebrates is repaired by the spontaneous generation of replacement hair cells. Research in mammalian hair cell regeneration is hampered by the lack of in vivo damage models for the adult mouse inner ear and the paucity of cell-type-specific markers for nonsensory cells within the sensory receptor epithelia. The present study delineates a protocol to drug damage the adult mouse auditory epithelium (organ of Corti) in situ and uses this protocol to investigate Sox2 and Jagged1 expression in damaged inner ear sensory epithelia. In other tissues, the transcription factor Sox2 and a ligand member of the Notch signaling pathway, Jagged1, are involved in regenerative processes. Both are involved in early inner ear development and are expressed in developing support cells, but little is known about their expressions in the adult. We describe a nonsurgical technique for inducing hair cell damage in adult mouse organ of Corti by a single high-dose injection of the aminoglycoside kanamycin followed by a single injection of the loop diuretic furosemide. This drug combination causes the rapid death of outer hair cells throughout the cochlea. Using immunocytochemical techniques, Sox2 is shown to be expressed specifically in support cells in normal adult mouse inner ear and is not affected by drug damage. Sox2 is absent from auditory hair cells, but is expressed in a subset of vestibular hair cells. Double-labeling experiments with Sox2 and calbindin suggest Sox2-positive hair cells are Type II. Jagged1 is also expressed in support cells in the adult ear and is not affected by drug damage. Sox2 and Jagged1 may be involved in the maintenance of support cells in adult mouse inner ear.
ABSTRACT
Inner ear hair cells detect environmental signals associated with hearing, balance, and body orientation. In humans and other mammals, significant hair cell loss leads to irreversible hearing and balance deficits, whereas hair cell loss in nonmammalian vertebrates is repaired by the spontaneous generation of replacement hair cells. Research in mammalian hair cell regeneration is hampered by the lack of in vivo damage models for the adult mouse inner ear and the paucity of cell-type-specific markers for nonsensory cells within the sensory receptor epithelia. The present study delineates a protocol to drug damage the adult mouse auditory epithelium (organ of Corti) in situ and uses this protocol to investigate Sox2 and Jagged1 expression in damaged inner ear sensory epithelia. In other tissues, the transcription factor Sox2 and a ligand member of the Notch signaling pathway, Jagged1, are involved in regenerative processes. Both are involved in early inner ear development and are expressed in developing support cells, but little is known about their expressions in the adult. We describe a nonsurgical technique for inducing hair cell damage in adult mouse organ of Corti by a single high-dose injection of the aminoglycoside kanamycin followed by a single injection of the loop diuretic furosemide. This drug combination causes the rapid death of outer hair cells throughout the cochlea. Using immunocytochemical techniques, Sox2 is shown to be expressed specifically in support cells in normal adult mouse inner ear and is not affected by drug damage. Sox2 is absent from auditory hair cells, but is expressed in a subset of vestibular hair cells. Double-labeling experiments with Sox2 and calbindin suggest Sox2-positive hair cells are Type II. Jagged1 is also expressed in support cells in the adult ear and is not affected by drug damage. Sox2 and Jagged1 may be involved in the maintenance of support cells in adult mouse inner ear.
INTRODUCTION
Inner ear hair cells (HCs) are mechanoreceptors that detect environmental signals associated with hearing, balance, and body orientation. Unfortunately, HCs are killed by a variety of mechanisms, including loud sounds, ototoxic drugs, and aging. As HCs are lost, function deteriorates. Nonmammalian vertebrates are able to replace the lost HCs via two processes: the cell division of resident progenitor/stem cells and the direct conversion of another cell type (e.g., support cells [SCs] ) into HCs without an intervening mitosis (Corwin and Cotanche 1988; Ryals and Rubel 1988; Adler and Raphael 1996; Baird et al. 1996; Roberson et al. 1996 Roberson et al. , 2004 Taylor and Forge 2005) . Humans and other mammals, in contrast, are unable to replace lost auditory HCs and have limited ability to regenerate vestibular HCs (reviewed in Bermingham-McDonogh and Rubel 2003; Oesterle and Stone 2008) . In mammals, HC loss typically leads to the formation of sensory epithelial scars by SCs that remain in the epithelium and irreversible hearing and balance deficits.
A critical question is why robust HC replacement does not occur in the mature mammalian inner ear after damage. Mice are a powerful model system for many disease and damage processes, because of the abundance of antibodies, probes, and genetic mutants available. A mouse model of aminoglycoside-induced deafness will help to unravel the question as to why mammals have a limited ability to regenerate HCs. Unfortunately, lesioning the adult mouse cochlea has proved to be considerably more difficult than lesioning other rodents such as guinea pig or chinchilla (previous major animal models for aminoglycosideinduced hearing loss, as well as noise-induced hearing loss). Adult mice have shown little drug-induced toxicity under conditions that would produce severe auditory damage in the guinea pig or chinchilla (Forge and Schacht 2000) . Existing damage protocols require repeated systemic injections of aminoglycoside to achieve HC damage (Henry et al. 1981; Chen and Saunders 1983; Wu et al. 2001; Jiang et al. 2005 Jiang et al. , 2006a Chu et al. 2006; Staecker et al. 2007) . Because these protocols result in a desynchronized loss of HCs, they do not allow studies of critical early regenerative events. Furthermore, the HC damage is frequently limited to a portion of the cochlea that is particularly difficult to access and examine morphologically, the basal region where high-frequency sound information is encoded (Forge and Schacht 2000; Wu et al. 2001) . Topical ototoxicity protocols for mice have included application of aminoglycosides via trans-tympanic injection and placement of aminoglycoside-soaked Gelfoam in the round window niche (Heydt et al. 2004; Staecker et al. 2007 ). These methods are cumbersome, involve surgery, and typically produce variable lesions restricted to the basal region of the cochlea. We present a reliable nonsurgical approach for inducing HC damage in the adult mouse auditory epithelium, the organ of Corti, by a single high-dose injection of aminoglycoside potentiated by a single injection of a loop diuretic. This protocol results in the rapid death of outer HCs along virtually the entire length of the cochlea.
Research in mammalian HC regeneration has also been hampered by the paucity of cell-type-specific markers for non-sensory SCs in mature mammalian inner ear receptor epithelia. The identification of SC-specific markers for the adult mouse ear will assist toward characterizing and understanding the responsiveness of mammalian SCs to HC death. Non-sensory SCs serve as progenitors to regenerated HCs in nonmammalian ears and in the adult mammalian vestibular sensory epithelia (SE; reviewed in Matsui and Cotanche 2004; Matsui et al. 2005; Oesterle and Stone 2008) . Under certain experimental circumstances, SCs in neonatal organ of Corti can give rise to new HCs via mitotic pathways (Chen and Segil 1999; Löwenheim et al. 1999; Mantela et al. 2005; Sage et al. 2005; White et al. 2006) or by the non-mitotic conversion of SCs into HCs upon altering Notch signaling with N-S-phenyl-glycine-t-butyl ester (DAPT: an inhibitor of gamma secretase: Woods et al. 2004; Yamamoto et al. 2006) . SCs can be converted into HCs upon transfection of the developmental gene Atoh1 (Math1, Zheng and Gao 2000; Shou et al. 2003; Woods et al. 2004; Izumikawa et al. 2005) . For this reason, it is of considerable interest to better understand the SC phenotypes, how their differentiation is specified and maintained in the adult ear, how they respond to HC death, and whether they need to undergo partial dedifferentiation for a regenerative process to occur. We describe the expression pattern of two molecules, Sox2 and Jagged1, that distinguish the SC phenotype in developing mammalian inner ear sensory receptor epithelia. SCs in developing mouse inner ear express Sox2 and Jagged1, but their expression patterns in the adult remain to be characterized (e.g., Wood and Episkopou 1999; Woods et al. 2004; Kiernan et al. 2005a Kiernan et al. , b, 2006 . Sox2, a SRY-related HMG box transcription factor and a member of the Group B subgroup of Sox genes (Sox1, Sox2, Sox3), is involved in neurogenesis and in the proliferation and/or maintenance of stem cells, including neural stem cells (reviewed in Episkopou 2005; Wegner and Stolt 2005) . In the ear, Sox2 appears to be required for the development of the sensory domains (Kiernan et al. 2005a, b) . Sox2 marks sensory progenitors early in inner ear development and acts upstream of the Atoh1 gene during sensory organ formation (Kiernan et al. 2005a, b) . Its role in later cell differentiation events is unknown. Mutations in the Sox2 gene result in severe malformations of inner ear end organs, missing HCs and SCs, and impaired hearing (Hagstrom et al. 2005; Kiernan et al. 2005a, b) . In light of Sox2's being a distinguishing marker for stem and progenitor cells in other systems and evidence suggesting the presence of stem/ progenitor cells in mature mammalian inner ear SE (Warchol et al. 1993; Malgrange et al. 2002; Li et al. 2003a, b; Lopez et al. 2004; Oshima et al. 2007; Savary et al. 2007) , we examined Sox2 expression in normal and drug-damaged adult mouse inner ear SE. Jagged1 (referred to as Serrate 1 in chick and SerrateA or Jagged1b in zebrafish) is a member of the Notch signaling pathway, a pathway known to play a pivotal role in the differentiation of HCs and SCs (reviewed in Kelley 2006a, b) . Jagged1 is expressed in prosensory regions of the ear before cell differentiation (Adam et al. 1998; Morrison et al. 1999; Kiernan et al. 2006) . Like Sox2, Jagged1 signaling is required for the development of inner ear sensory organs (Kiernan et al. 2006) . It subsequently becomes restricted to the SCs, and its expression is maintained in auditory and vestibular SCs through the early postnatal period (Zine et al. 2000; Woods et al. 2004) . Its expression in the adult mammalian ear has not been well characterized, but it is known to be present in posthatch avian inner ear SE (Stone and Rubel 1999) . Activation or reactivation of Notch signaling in adult organs may be important to form new cells during regenerative events. Notch signaling is thought to be involved in the postembryonic replacement of HCs in the chicken inner ear (Stone and Rubel 1999) , and activation of Jagged1/Notch signaling in adult rat liver appears to contribute to the regeneration of this organ after damage (Köhler et al. 2004) . We examined Jagged1 expression in the adult mouse inner ear.
The present study outlines a systemic protocol to kill HCs in vivo in the organ of Corti of adult mice and uses this protocol to investigate SC responsiveness to HC death as assayed by Sox2 and Jagged1 expression. We show that the aminoglycoside kanamycin and the loop diuretic furosemide rapidly kill outer hair cells (OHCs) throughout the adult cochlea. Sox2 is expressed specifically in auditory and vestibular SCs and in a subset of vestibular HCs. After aminoglycoside damage, Sox2 expression is maintained in SCs in the organ of Corti. Jagged1 also is expressed in adult SCs and is unaffected by damage. Preliminary accounts of portions of these data have been presented in abstract form ).
MATERIALS AND METHODS

Animals
The Institutional Animal Care and Use Committee at the University of Washington approved experimental methods and animal care procedures. Adult mice (4-20 weeks old; outbred Swiss Webster [Harlan, Indianapolis, IN, USA] and inbred CBA/Caj [Jackson Laboratory, Bar Harbor MA] strains) were killed by cervical dislocation or by anesthesia with CO 2 followed by cervical dislocation. Postnatal day (P) 1-5 mice were killed by decapitation. Posthatch chickens (P7-P10) were used for a few experiments. Fertilized eggs or 1-day-old hatchings of White Leghorn chickens were received from Hyline (Graham, WA). Eggs were placed in a humidified incubator at 37°C until hatching. Hatchlings were housed in heated brooders with ample food and water in the Animal Care Facility at the University of Washington until killed by overdose of pentobarbital and decapitation.
Drug-lesioning paradigm
HC death was experimentally induced in mice by administering single doses of kanamycin (1,000 mg/kg, dissolved in phosphate-buffered saline [PBS] , SigmaAldrich Co., St. Louis, MO, USA, Cat. No. K-1377, subcutaneous) followed 30-45 min later by a single dose of furosemide (400 mg/kg, Hospira Inc., Lake Forest, IL, USA, Cat. No. RL-1206, intraperitoneal). Animals were killed 1, 2, 3, 7, 14, [28] [29] [30] 80 , 365 days after the injections. Age-matched animals, not injected with the drug combination, were used as controls.
For some experiments, repeated series of the drugs were given once per day for up to 5 days.
Tissue preparation
Adults
The temporal bones from adult mice were dissected free. After removal of the bulla, the stapes was lifted from the oval window, and small openings were made in the apical and basilar turns. For experiments involving immunofluorescence processing, cold 4% paraformaldehyde in 0.1-M phosphate buffer, pH 7.4, was perfused slowly through the cochlea, after which the temporal bones were kept in the same fixative for 4 h at room temperature. After fixation, the temporal bones were washed three times (10 min each) in PBS (pH 7.4). The tissue was prepared as whole-mount preparations or cryostat sections (Oesterle et al. 1990 ). For the former, segments (half turns) of the organ of Corti were carefully dissected free from the cochlea. The stria vascularis was pulled off or trimmed down, and the tectorial membrane was lifted free with fine forceps and then discarded. Whole-mount preparations of the utricle were prepared by isolating the utricle from the temporal bone and removing the otoconia by directing a stream of PBS across the utricle from a syringe with a fine gauge needle. For cryosections, the temporal bones of adult mice were decalcified with RDO Rapid Decalcifier (Apex Engineering Products Corp., Aurora, IL, USA) at room temperature for 15 min, rinsed in PBS, and sequentially infiltrated with sucrose (10% for 30 min, 15% for 30 min, 1:1 mix 15% sucrose/O.C.T. overnight) and O.C.T. compound (Tissue Tek, Sakura Finetek Inc., Torrance, CA, USA), frozen rapidly with dry ice, and cut into 12-μm sections with a cryostat. Sections were mounted onto Platinum Superfrost (+) slides (Mercedes Medical).
A few ears were prepared for plastic embedding and sectioning. For this, an intralabyrinthine perfusion was performed with 3.5% glutaraldehyde in 0.1 M potassium phosphate buffer (pH 7.4), and the temporal bones were immersed in this fixative overnight at 4°C. After washes with PBS, the ears were decalcified with RDO Rapid Decalcifier at room temperature for 15 min, rinsed in PBS, and dehydrated in a graded ethanol series (35% for 15 min, 70% overnight, 95% for 15 min, 100% for 15 min). Tissues were then incubated in propylene oxide, before embedding in Eponate 12 resin (Ted Pella Inc., Redding, CA, USA). Semithin sections were cut at a thickness of 2 μm through the organ and mounted onto acid-washed, chrome-alum-subbed slides. Slides were counterstained with 1% toluidine blue before coverslipping with DPX mounting medium.
Neonatals
The brains from neonatal mice were removed, and the heads were immersed in fixative (4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4) for 4 h. After washes in PBS, the temporal bones were dissected free and processed as whole-mount preparations as described earlier.
Chickens
Chicks were killed by pentobarbital overdose (100 mg/kg; intraperitoneal injection) and decapitated. Individual ears were fixed by intralabyrinthine perfusion with 4% paraformaldehyde (0.1 M phosphate buffer, pH 7.4). Heads were immersed in fixative for 1-4 h at room temperature. They were then washed with PBS, and cochlear ducts and utricles were isolated and prepared as whole-mount preparations or cryostat sections as described above, with the exception that the decalcification step was omitted.
Antibodies
The following antibodies were used to label et al. 1995, 1997) . All of these antibodies have been used previously to label HCs in mice and other mammals (e.g., Hasson et al. 1997; Sage et al. 2000; Montcouquiol and Kelley 2003; Hackney et al. 2005) .
To label afferent calyx and dimorphic fibers in the striola and juxtastriola regions of the otolithic organs, an anti-calbindin antibody (Cat. No. AB1778, Chemicon, now part of Millipore, Temecula, CA, USA) was used at a dilution of 1:250 (Dechesne et al. 1994; Dechesne and Thomasset 1988) . This antibody has been used previously in mice to delineate the striolar region (e.g., Cunningham et al. 2002) .
Two antibodies were used to detect Sox2. A rabbit anti-Sox2 affinity purified polyclonal antibody directed against human Sox2 was purchased from Chemicon/Millipore (Cat. No. AB5603) and used at 1:1000. This antibody has been used on mouse (Ferri et al. 2004; Kiernan et al. 2006) , and Western blot analyses carried out by the manufacturer on murine samples demonstrated that this antibody, at lower concentrations, recognizes a single protein of the correct size, approximately 34 kDa. The second anti-Sox2 antibody, an affinity purified goat polyclonal antibody directed against the C-terminus of human Sox2, was purchased from Santa Cruz (Sox-2 Y-17, Cat. No. SC-17320, Santa Cruz, CA, USA). The Y-17 antibody was used routinely at dilutions of 1:500-1:1000. Specificity of the Y-17 antibody was verified by blocking with a Sox2-specific peptide. Preincubating the Y-17 primary antibody with a tenfold excess (by weight) of the immunizing peptide eliminates all labeling ). The Y-17 antibody stained a single band of 37-40 kDa on Western blot (manufacturer's technical information). The same labeling pattern was seen in the inner ear with both anti-Sox2 antibodies.
The following 2 antibodies were used to detect Jagged1: Jagged1 (H-114) and Jagged1 (C-20), both from Santa Cruz Biotechnology, Inc. Jagged1 ) is a rabbit polyclonal raised against amino acids 1110-1223 of human Jagged1, and it was used at 1:100. Western blot analyses carried out by the manufacturer on murine samples have demonstrated that this antibody, as well as the anti-Jagged1 (C-20) antibody discussed below, does not cross-react and recognizes a single protein of the correct size (150 kDa molecular weight). Others have used the H-114 antibody in mouse inner ear (Zine and de Ribaupierre 2002; Woods et al. 2004; Kiernan et al. 2006; Jones et al. 2006) . Jagged1 is an affinity purified goat polyclonal antibody raised against the C-terminus of human Jagged1. It was used at dilutions of 1:100 to 1:1000. Jagged1 (C-20) was used previously in mouse inner ear (Morrison et al. 1999; Chen et al. 2002; Brooker et al. 2006) . The same labeling pattern was seen with both anti-Jagged1 antibodies in whole-mount preparations of utricular and saccular macula. In cryostat sections of adult inner ear, H-114 labeling was not detectable, probably because of antibody sensitivity to the decalcification process. The C-20 antibody labeling, on the other hand, was retained.
Phalloidin labeling
To label HCs and visualize SCs and SC scars, phalloidin conjugated to a fluorophore (Alexa 594, Invitrogen Corp., Eugene, OR, USA, Cat. No. A12381) was added to whole-mount preparations of isolated inner ear end organs at a concentration of 5 units/ml (approx. 0.165 μM). After a 30-min incubation at room temperature, the tissue was washed in PBS (3×10 min) and mounted on a microscope slide in Vectashield.
Immunofluorescent staining
The tissue was treated for 30 min with 0.1% saponin/0.1% Tween 20 in PBS to make membranes more permeable to antibodies. To prevent nonspecific binding of the primary antibody, tissues were then incubated for 1 h in a blocking solution consisting of 10% normal serum/0.03% saponin/0.1% Triton X-100 in PBS. Primary antibody incubations were performed for 1 day at 4°C in PBS, 0.03% saponin, 3% serum, 2 mg/ml bovine serum albumin, and 0.1% Triton X-100. Fluorescent-labeled secondary antibodies (Alexa 488, 568, 594, Invitrogen/Molecular Probes) were used at a dilution of 1:200 in the same buffer for 2-4 h (at room temperature) or overnight (at 4°C). In some cases (for Myosin 6,7a), the tyramide signal amplification (TSA) system (Invitrogen/Molecular probes) was used for signal amplification as recommended by the manufacturer. For mouse antibodies against parvalbumin, the Mouse-on-Mouse kit (M.O.M.) was used as specified by the manufacturer (Vector Labs). Sections were washed after each antibody incubation (three times for 10-15 min each) in 0.1% Tween 20 in PBS. After counterstaining nuclei with bisbenzimide (Cat. No. H1398, Molecular Probes, Eugene, OR, USA, 0.5 μg/ml), 4′, 6-diamidine-2-phenylindole (DAPI; Cat. No. D9542, Sigma-Aldrich, 1 μg/ml), propidium iodide (Cat. No. P1304, Invitrogen Corp., 1 μg/ml), or YO-PRO-1 (Cat. No. Y3603, Invitrogen Corp., 1:200), specimens were mounted in Vectashield (Vector Laboratories), coverslipped, and examined with either epifluorescence or confocal fluorescence microscopy. At least three individual animals, representative of each experimental paradigm, were analyzed for each antibody.
Controls for immunofluorescence
Method and antibody specificity were checked by (1) substituting nonimmune sera for the primary antibody, (2) using a series of dilutions of the primary antibody; and (3) processing positive control tissues alongside the adult inner ear tissue. Jagged1 and Sox2 have distinct tissue expression profiles in developing inner ear, and the specificity of the anti-Jagged1 and Sox2 antibodies has been demonstrated in developing mouse inner ear (Chen et al. 2002; Zine and de Ribaupierre 2002; Woods et al. 2004; Brooker et al. 2006; Kiernan et al. 2005a Kiernan et al. , 2006 . Hence, P1-P5 inner ear tissue served as positive control tissue for these antibodies. In double-labeling experiments, antibodies raised in different species were used to avoid crossreactivity among secondary antibodies.
Microscope imaging
Whole-mount organ of Corti, saccule, or utricle preparations were viewed under epiflourescence on a Zeiss Axioplan 2ie compound microscope, and images were captured with a Photometrics CoolSNAP hq digital camera (Image Processing Solutions, North Reading, MA, USA). Slidebook 4.0.1.40 (Intelligent Imaging Innovations, Denver, CO, USA) acquisition and processing software was used to acquire digital images and convert them to tagged image file format (TIFF) files. TIFF files were subsequently processed in ImageJ and/or Adobe Photoshop 7 (Adobe, Seattle, WA, USA). For laser scanning confocal microscopy, we used an Olympus FV-1000, equipped with 405-nm blue diode, 457-, 488-, and 514-nm multiline argon, 543-nm helium neon green, and 637-nm helium neon red lasers. Fluoview version 1.4a acquisition software was used. Sequential image acquisition was performed when bleed-through between channels was an issue. Files were imported into ImageJ and/or Adobe Photoshop for processing and analysis.
Data analysis: estimation of number of Sox2-positive nuclei in whole-mount preparations Whole-mount preparations of four utricles that were double labeled to detect Sox2 and calbindin and counterstained with bisbenzimide were examined with an Olympus FV-1000 confocal laser scanning microscope. Digital images were generated from Z series (1-μm steps oriented parallel to the lumen) through the SE at ×60 (×20, zoom=3) or ×100 (×20, zoom=5). Eight-to-nine confocal Z series were collected from each utricle; four to five regions were randomly selected from the extrastriolar region and four regions from the striolar/juxtastriolar region. One or two rectangular regions were then delineated within each confocal Z series; the area of the delineated region was quantified with ImageJ, and density estimates of the following were determined using the Cell Counter plug-in for Image J: (1) number of Sox2-positive nuclei in the HC layer surrounded by calbindin-positive nerve fibers (Sox2+/Calbindin+), (2) number of Sox2-positive nuclei in the HC layer not surrounded by calbindin-positive nerve fibers (Sox2+/Calbindin−), (3) number of Sox2-negative nuclei in the HC layer surrounded by calbindin-positive nerve fibers (Sox2−/ Calbindin+), and (4) number of Sox2-negative nuclei in the HC layer not surrounded by calbindin-positive fibers (Sox2−/Calbindin−). Nuclei within the rectangle or touching its lower right and bottom borders were included in the counts. Average numbers, expressed as a function of SE area, were determined for the extrastriolar and striolar/juxtastriolar regions of each organ. For example, the average number of Sox2+/Calbindin+ cells (in the HC layer) per 100 μm 2 SE was determined for the extrastriolar and striolar/juxtastriolar regions of each utricle. Mean values were determined for each paradigm.
For each utricle, the areas of the regions used for the analysis were totaled, and the proportion of the utricular macula that was sampled was calculated. Fifty-two to 57% of the striolar region was sampled for these analyses, and 32 to 43% of the extrastriolar region was sampled.
Statistics
Significance values were determined with the Student's test (Excel).
RESULTS
HC-specific markers for normal adult mouse inner ear SE
The adult auditory epithelium, the organ of Corti, is composed of two types of HCs (inner and outer HCs), a variety of SCs (Hensen, Deiters', inner pillar, outer pillar, inner phalangeal, and border cells), and the terminal portions of cochlear nerve fibers. In surface views of whole-mounted adult cochlea ( Fig. 1) , parvalbumin, myosin 6, and myosin 7a label the cytoplasm of inner hair cells (IHCs) and OHCs. Parvalbumin, a Ca 2+ -binding protein, is also observed in nerve terminals, nerve fibers, and spiral ganglion cell bodies. Parvalbumin, myosin 6, and myosin 7a have been shown previously to be selectively expressed in inner ear HCs (Dechesne et al. 1994; Hasson et al. 1995 Hasson et al. , 1997 Zheng and Gao 1997; Hackney et al. 2005 ).
Summary of lesion characteristics; OHCs throughout the cochlea are killed
Mice are the predominant model organism for hearing research because of the availability of numerous genetic models of disease and molecular tools for analysis. Our objective was to establish a rapid systemic protocol for the synchronous elimination of sensory HCs in adult mice. Based on experiments done in other mammals combining aminoglycosides with a loop diuretic (e.g., Bryant et al. 1987 ), we used a sequential combination of an aminoglycoside and a loop diuretic, to reliably eliminate OHCs along the entire length of the adult mouse cochlea. Our protocol consists of a single subcutaneous injection of the aminoglycoside kanamycin (1,000 mg/kg) followed 30 to 45 min thereafter with a single intraperitoneal injection of the loop diuretic furosemide (400 mg/kg), and this is defined herein as an "injection set." The extent and defining characteristics of the lesion were assessed and verified with three separate methods: (1) phalloidin labeling in whole-mount preparations, (2) HC-specific cytoplasmic labeling with antibody markers in whole-mount preparations, and (3) histological analysis in transverse semi-thin plastic sections of the cochlea.
In the normal ear, phalloidin labels F-actin in HCs and SCs. After damage, phalloidin also allows for the visualization and identification of SC scars that form as a consequence of HC loss (Raphael and Altschuler 1991) . Although phalloidin labeling is a fast and easy means to identify HC loss, it is not definitive because an absence of cilia does not always accurately reflect the loss of underlying HC bodies (Sobkowicz et al. 1992 (Sobkowicz et al. , 1995 (Sobkowicz et al. , 1997 Zheng et al. 1999) . Hence, we also used the HC-specific antibodies parvalbumin, myosin 6, and myosin 7a to visualize HC loss. Control experiments were conducted at several recovery time points to verify that the loss of a HC marker (e.g., parvalbumin or myosin) was indicative of actual HC loss. For these experiments, HCs were double labeled with two HC markers (e.g., parvalbumin and myosin 6) and counterstained with a nuclear marker. The absence of single-labeled HCs and nuclei in the HC layer in the FIG. 1. Normal adult mouse organ of Corti labeled with HC-specific markers. All images in the figure are taken from whole-mount preparations of the apical turn of the adult mouse cochlea. In the auditory epithelia, the HCs are distributed along the luminal surface of the epithelium, and their cell bodies do not make contact with the basal lamina. Support cells are interposed between HCs, and their cell bodies typically extend the entire depth of the epithelium, from the lumen to the basal lamina. Support cell nuclei reside primarily within the basal half of the epithelium, whereas HC nuclei reside in the luminal half. Parvalbumin (A), myosin 6 (B), and myosin 7a (C) label the cytoplasm of inner and outer hair cells in the normal (undamaged) adult mouse cochlea. Occasional outer hair cells (OHCs) are missing in the apical turns (e.g., arrows in B, C). Brightest point projections from confocal Z series spanning the full depth of the sensory epithelium are shown in parts (B-C) and the inset for part (A). IHCs Inner hair cells; SG spiral ganglion neurons; PI propidium iodide. Scale bar=200 μm in (A) and 20 μm in (B, C) and inset in (A).
damaged regions validated the use of the HC markers to indicate HC loss at our recovery time points.
A total of 102 animals were treated with the kanamycin-furosemide injection set. Twelve percent of the injected animals (12 of 102) died, and increased deaths appeared to correlate to animals weighing above 35 g. One lesion pattern was observed in roughly 80% of the animals that survived the injection set. This pattern will be described first, followed by descriptions of the less frequently ob-OESTERLE ET AL.: Sox2 and Jagged1 in Mouse Inner Ear 71 served lesion patterns. The most commonly observed lesion, where all three rows of OHCs throughout the length of the cochlea are killed by the drug treatment, is shown in Figure 2 . In some of these animals, a few OHCs (G100 OHCs) are retained in the extreme apex (low-frequency region) of the cochlea. At 80 days recovery, the longest recovery time examined, the OHC region is replaced by SC scars, and no spontaneous recovery or regeneration of OHCs is apparent. OHCs, even apically located OHCs, appear more susceptible to the kanamycin-furosemide insult than IHCs. IHCs are generally present throughout the cochleas of these animals at all recovery times examined (1 to 80 days post-injections), but they may show signs of damage ( Fig. 3B-D) . Support cells in the organ do not appear to degenerate by 80 days post-injections, and the overall architecture of the organ of Corti remains remarkably normal. As shown in Figure 3 , morphologically identifiable Deiters' and outer pillar cells persist in regions devoid of OHCs at 30 days of recovery. These cell types do not appear to
OHCs are selectively killed by combined drug treatment throughout the cochlea. Shown are epifluorescent and confocal images of the apical turn of an adult mouse cochlea 7 days (7d) after systemic drug treatment with kanamycin and furosemide. The tissue was immunolabeled for the HC-specific marker parvalbumin (green), and the nuclei were counterstained with propidium iodide (PI, red). A whole-mount preparation of the turn is shown, and the boxed region is shown at a higher magnification in the inset. The bracket delineates the region normally occupied by outer hair cells (OHCs). Virtually all OHCs have been killed, but inner hair cells (IHCs) remain throughout the turn. Inset brightest point projection from a confocal Z series spanning through the more lumenal HC layer and more basal SC layer. The arrow points to a rare remaining OHC. The nuclei of the support cells that remain in the OHC region are readily apparent. SG Spiral ganglion neurons. Scale bars=20 and 200 μm for the inset and body of the figure, respectively.
FIG. 3.
Cross-sections of a cochlea from an animal killed 4 weeks after the kanamycin and furosemide injections. The photomicrographs are of a plastic-embedded cochlea taken from an adult mouse killed 4 weeks after kanamycin and furosemide treatment. OHCs, but not IHCs, are absent from all turns of the cochlea. The precipitate in the fluid spaces is thought to be a result of the decalcification step with RDO. Inset of (A) a cross-section through the cochlea. The turns are labeled, and the labels correspond to panels (A-D) where each turn is shown at a higher magnification. Fig. 3B-D) . In roughly 20% of the drug-treated animals, only patchy OHC loss is found (IHCs are present along the length of these cochleas). The patchy OHC lesion pattern is seen at both short and long recovery times (2-3 and 30 days post-injection). Some of the lesion variability, especially in animals with minor scattered OHC loss, may be the consequence of fluid leakage from the injection site or, more likely, the result of differences in absorption related to the delivery site. In a small number of animals, a significant number of IHCs were lost in addition to the OHCs (see below).
As a further measure of reproducibility and to address whether the lesion patterns are symmetric, the left and right ears of five drug-damaged animals were compared. Lesion patterns in the left ear strongly resemble those seen in the right ear, but on occasion (one of five animals), the IHC loss can be increased in one ear relative to the other (data not shown).
Although the majority of the experiments were conducted on outbred Swiss Webster mice, the kanamycin-furosemide injection set also induced similar lesions on inbred CBA mice. A few adult mice (Swiss Webster) were injected with either the kanamycin alone (1,000 mg/kg) or the furosemide alone (400 mg/kg) and allowed to survive for 3, 7, or 14 days. HC loss was not observed in these animals beyond that seen in the non-injected, age-matched, and similarly processed controls.
Time course of the OHC lesion
The loss of OHCs is rapid, and the lesion continues to progress from base to apex several days after the initial injections (Fig. 4) . One day after drug treatment, more than 85% of the OHCs in the cochlea have been lost, including some occasional apical OHC loss. IHCs, in contrast, are intact (Fig. 4A) . By 2-3 days after the injections, nearly all apical OHCs are missing. IHCs, in contrast, are present in near normal numbers (Fig. 4B) . The lesion appears to be stabilized by 3 days post-injection, with large numbers of apical IHCs present at 1, 2, and 11 weeks of recovery (e.g., Figs. 2 and 3) .
FIG. 4.
The OHC loss occurs rapidly. Shown are photomicrographs of the apical turn of adult mice cochlea damaged by a single injection of kanamycin followed by a single injection of furosemide. The mice were killed 1 (A) or 2 (B) days after the injections to delineate the early timecourse of the lesion, and the tissues were immunolabeled for parvalbumin (green). A One day after the injections (1d), the outer hair cell (OHC) loss is most pronounced in the basal-most portion of the apical turn, and the majority of the remaining OHCs are found in the region approaching the extreme apex. The area in the box is shown at a higher magnification at the bottom of the figure. B Apical turn from an animal that survived 2 days (2d) after the injections. The nuclei are counterlabeled with propidium iodide (PI, red). Nearly all of the OHCs are missing 2 days after the injections. The boxed region is shown at a higher magnification in the inset. The arrow points to a rare OHC that remains near the extreme apex. IHCs Inner hair cells; SG spiral ganglion. Scale bars in (A) and (B)=100 μm; scale bar in inset for panel B=20 μm.
IHCs and OHCs are lost in a subset of animals
A small subset (G5%) of lesioned animals demonstrate a significant loss of IHCs throughout the cochlea, in addition to the aforedescribed loss of OHCs. As illustrated in Figure 5 , in these animals, IHCs (in addition to the complete OHC loss) can be missing from all turns of the cochlea, including the apical turn. There was no specimen in which the percentage of the IHC loss exceeded that of the OHC loss. Similar to the OHCs, there was no evidence for spontaneous recovery or regeneration of IHCs with 30-or 80-day recovery times.
To determine whether we could reliably increase the percentage of animals with significant apical IHC loss, we either: (1) increased the number of kanamycin-furosemide injection sets or (2) varied the age of the animal at the time of the injection. For the former, an injection set (single injection of 1,000 mg/kg kanamycin followed 30 to 45 min later by a single injection of 400 mg/kg furosemide) was administered each day for three or five sequential days to adult animals to determine whether the percentage of animals with significant IHC loss could be increased relative to that seen for animals with a single injection set. Animals with three (n=4) or five (n=3) sets of injections were allowed to survive for 10 or 14 days, and the apical turns of the cochleas were processed for parvalbumin or myosin 6 immunocytochemistry to identify HCs, or phalloidin labeling, and examined. OHCs are missing throughout the apical turns of these animals, but the majority of IHCs remain (Fig. 6A-B) . The extent of the apical IHC loss in the animals with three or five sets of injections did not differ from that seen in animals with a single set of injections.
Young mice have been thought to be more sensitive to aminoglycosides than adults (Nakai et al. 1983; Chen and Saunders 1983; Prieve and Yanz 1984) . Hence, for the second experimental paradigm, one set of injections (one kanamycin injection and one furosemide injection) was administered to P19 (n=2) or P26 (n=4) animals. These animals survived for 7 or 14 days before tissue collection and immunofluorescence processing for parvalbumin or myosin 6 labeling. As in mature older animals, IHCs (but not OHCs) were present throughout the apical turns of the P19 and P26 animals (Fig. 6C) , although occasional IHCs were missing. In summary, neither experimental paradigm markedly reduced the number of surviving IHCs relative to that seen in adult animals with a single set of kanamycin and furosemide injections.
Absence of lesion in vestibular end organs
Whole-mount preparations of utricles taken from kanamycin/furosemide-exposed animals were labeled with the HC-specific markers myosin 6 or 7a and examined to determine whether vestibular HCs were killed by the drug exposure. Utricles from nonexposed control animals were similarly processed and FIG. 5. OHCs and many IHCs are lost. Immunofluorescence for parvalbumin (green) labeling in the apical region of a cochlea taken from an animal injected once with kanamycin and once with furosemide and allowed to recovery for 7 days (7d). Nuclei were counterstained with propidium iodide (PI, red). An epifluorescence image of the whole-mount preparation is shown along with a confocal image of the boxed area (inset). The confocal image is a brightest point projection of a Z series stack spanning the full HC and much of the SC layers. OHCs are missing entirely from the apical turn, and scattered IHCs remain. Scale bar=200 and 20 μm for the body of the figure and inset, respectively.
FIG. 6.
Age and increased frequency of treatment does not increase IHC loss. The figures show whole-mount preparations of the apical turn of adult mice (A, B) or a P19 (C) animal. A Apical turn from an adult mouse injected with three sets of kanamycin and furosemide injections (one set per day for three sequential days) and killed 10 days later. The tissue is labeled for phalloidin, a marker for Factin, and the focus is at the level of the reticular lamina. Numerous X-shaped phalangeal SC scars are seen in all three rows of outer hair cells (OHCs), suggesting the absence of the underlying OHCs. Inner hair cells (IHCs) are present out of the focal plane. B Apical turn from an adult mouse injected with five sets of kanamycin and furosemide injections (one set per day for five sequential days) and killed 14 days later. Hair cells are labeled with the HC-specific marker myosin 6 (green), and the nuclei are counterlabeled with propidium iodide (PI, red). A brightest point projection of a Z series stack spanning through the HC layer is shown. IHCs remain, in contrast to the OHCs that are missing entirely from this region of the cochlea. C Apical turn from a P19 mouse injected with one set of kanamycin and furosemide injections and killed 14 days later. Hair cells are immunolabeled by parvalbumin (green) and nuclei are counterlabeled with PI (red). Many IHCs are present, but all three rows of OHCs are missing. SG Spiral ganglion. Scale bars in A and B=20 μm; Scale bar in C=100 μm. b examined. A qualitative assessment of HC numbers in normal and drug-damaged animals did not reveal a marked loss of vestibular HCs in the drug-exposed animals, even within the striolar region. Vestibular HCs and SCs were intact in the drug-damaged animals. Abnormal behavior reflective of possible vestibular problems (e.g., circling, abnormal gate, head tilt) was not detected in the experimental mice.
Sox2 labels support cells in adult inner ear
We were interested in examining SC responsiveness to HC loss in the damaged adult mammalian inner ear and needed markers that would allow us to assay the SC response. We showed recently that the transcription factor Sox2 is expressed in developing mouse SCs (Hume et al. 2007) . In other tissues, Sox2 is involved in the proliferation of stem cells (Episkopou 2005; Wegner and Stolt 2005) . In light of Sox2's being a distinguishing marker for stem and progenitor cells in many systems, recent evidence suggesting the presence of stem/progenitor cells in mature mammalian inner ear (Li et al. 2003a, b; Oshima et al. 2007) , the need for SC-specific markers in the adult ear, and Sox2's expression in developing ear, we examined Sox2 expression in adult mouse inner ear. We used Sox2 to assay the SC response to drug-induced HC damage.
FIG. 7.
Sox2 labeling in adult mouse cochlea. These confocal images were taken from whole-mount preparations of the apical turn of adult mouse organ of Corti that were immunolabeled for parvalbumin (green) and Sox2 (red). The nuclei were counterstained for bis (blue). The images are brightest point projections from Z series stacks parallel to the reticular lamina (step size of 1 μm). A-B Apical turn from a normal undamaged organ of Corti. In part (A), all three channels are shown, whereas in (B), only the red channel with the Sox2 label is shown. Inner and outer hair cells are present, and they are labeled by parvalbumin which labels the HC cytoplasm. The transcription factor Sox2 is undetectable in HC nuclei. The arrow points to an individual OHC, and the bracket delineates the OHC region. Sox2 labels the nuclei of all organ of Corti support cell types. C-D Apical turn from a drug-damaged mouse organ of Corti (one set of kanamycin and furosemide injections and 2 days of recovery). All three channels are shown in part (C), whereas only the red channel with the Sox2 label is shown in part (D). Inner hair cells are present in the tissue, and the arrow points to a rare remaining OHC. The bracket delineates the OHC region. Virtually all of the OHCs are missing. Sox2 labeling is retained by all SCs in the damaged cochlea. Scale bar is identical for panels (A-D) and equals 20 μm.
Normals
Antibodies to the transcription factor Sox2 label the nuclei of all adult organ of Corti SC subtypes, namely, Hensen's, Deiters', inner and outer pillars, inner phalangeal, and border cells, in all turns of the normal adult mouse cochlea (e.g., Fig. 7A-B) . In contrast, inner and outer HCs throughout the cochlea are unlabeled.
In the otolithic organs, the nuclei of the vestibular SCs are Sox2 positive throughout the macula, in striolar and extrastriolar regions (e.g., Fig. 8A ). Rare Sox2-negative nuclei can be detected among the Sox2-positive cells in the SC nuclear layer (arrows, Fig. 8A) . A subset of nuclei in the HC-nuclear layer is Sox2 positive (42.7±6.3% SD, n=4 organs). To characterize Sox2-positive nuclei in the HC layer, utricles were double labeled for Sox2 and the general HC-specific marker myosin 7a ( Fig. 8B-C Fig. 8D-E) . Both Sox2-positive (Sox2+/Myosin7a+) and Sox2-negative (Sox2−/Myosin7a+) HCs cells are seen throughout the macula (e.g., Fig. 8B ). In the striolar/juxtastriolar region, which will herein simply be called the striolar region, Sox2-negative HCs are contacted by large calbindin-positive calyx endings (Fig. 8E ). Both simple (one HC is innervated) and complex (more that one HC is innervated, arrow in Fig. 8E and inset) calbindin-positive calyx endings are seen with Sox2-negative HCs, suggesting the Sox2-negative cells are Type I HCs. Sox2-positive HCs in the striolar region are not surrounded by calbindin-positive calyx endings, suggesting they are Type II HCs (e.g., arrowhead in Fig. 8E ). A ratio of 1.1±0.2 SD Sox2-negative to Sox2-positive HCs are seen in the striolar region (Table 1) . Rare Sox2−/calbindin-negative nuclei are seen in the HC nuclear layer of the striolar region (0.1±0.1/100 μm 2 SE; Table 2 ). In the extrastriolar region, Sox2-negative and Sox2-positive HCs are seen in a 1.5±0.3 ratio (Table 1 ). The Sox2-positive HC nuclei tend to be located slightly higher (closer to lumen) in the epithelium than nuclei of Sox2-negative HCs. A few Sox2+ cells are seen within the stromal region of the otolithic organs (data not shown).
The posthatch chicken ear, in contrast to the mammalian inner ear, generates new HCs to replace those lost to insult (reviewed in Oesterle and Stone 2008) . Sox2 expression patterns were also examined in normal posthatch (P7-P10) chicken inner ear. Despite marked differences in the regenerative repair capacities of mammalian and chicken auditory end organs, Sox2 expression is remarkably similar in the two animal species. Like the mouse, Sox2 specifically labels SCs, but not HCs, throughout the chicken auditory sensory epithelium, the basilar papilla (Fig. 9) . In the utricular macula, vestibular SCs are Sox2-positive, and a subset of vestibular HCs expresses Sox2 (data not shown).
Drug-damaged
In animals treated with kanamycin and furosemide, Sox2 expression is maintained in the SCs throughout the damaged cochlea at all recovery times examined (2 days, 7, 365 days). As shown in Figure 7C -D, Sox2 expression is maintained in all subtypes of SCs in the organ of Corti: Hensen's, Deiters', pillar, inner phalangeal, and border cells.
Sox2 is expressed by vestibular SCs in utricles taken from the drug-damaged animals (data not shown). A qualitative assessment of HC numbers in normal versus drug-damaged animals did not reveal a marked loss of vestibular HCs in the drug-exposed animals, even within the striolar region.
Jagged1 labels support cells in adult inner ear
Normals
Jagged1 is expressed in embryonic SCs in mouse organ of Corti, but its expression in the adult ear is unknown (Zine and de Ribaupierre 2002; Woods et al. 2004; Brooker et al. 2006; Jones et al. 2006; Murata et al. 2006) . Because of its presence in developing SCs, we examined its expression in normal and drugdamaged adult ears. Neonatal (P1) organ of Corti served as the positive control tissue for these studies. As shown in Figure 10A -B, Jagged1 is specifically expressed in SC membranes in organ of Corti taken from P1 mice. Jagged1 labeling is also seen in the membranes of the cells of the greater epithelial ridge, cells that undergo cellular rearrangements that eventually give rise to the inner sulcus region similar to that as described in Lim and Rueda (1992) . In the adult organ of Corti, Jagged1 immunolabeling is seen in all organ of Corti SC subtypes (Hensen's, Deiters', pillar, inner phalangeal, and border cells; Fig. 11A, C) . Jagged1 is expressed at lower levels outside of the organ of Corti, in inner and outer sulcus cells (Fig. 11A) .
Jagged1 immunoreactivity is present in SC membranes in the P1 vestibular epithelium and, at lower levels, in membranes of the neighboring transitional epithelial cells (data not shown). In adults, Jagged1 expression persists in SC membranes throughout the macula of the otolithic organs, as well as in the transitional epithelial cells (Fig. 12) . Jagged1 expression is undetectable in neonatal and adult vestibular HCs (Fig. 11C) .
Drug-damaged
Jagged1 expression was examined in the drug-damaged organ of Corti at 1, 2, 3, and 7 days of recovery. Labeling in the drug-damaged organ is maintained and resembles that seen in the normal ear. Labeling of organ of Corti SCs is seen with the C-20 antibody at all recovery times examined (e.g., Fig. 11B, D) . Jagged1 expression was not examined in detail in the vestibular organs of the drug-injected animals, because the kanamycinfurosemide protocol did not induce marked vestibular lesions.
DISCUSSION
Progress toward HC regeneration in mammals has been frustratingly slow partially because of the inadequacy of available animal models of ototoxicity and a lack of SC markers to assist in the analysis of regenerative processes. We developed a reliable systemic protocol to eliminate HCs in vivo in the organ of Corti of adult mice. Using this damage protocol, OHCs throughout the adult mouse cochlea are killed rapidly by a single injection of kanamycin (1,000 mg/kg) followed by a single injection of the loop diuretic furosemide (400 mg/kg). We also describe the use of two new markers of adult SCs, Sox2 and Jagged1, to characterize the normal and drug-damaged inner ear. The transcription factor Sox2 is expressed by organ of Corti and vestibular SCs in adult mouse and posthatch chicken inner ear. A subset of HCs in the vestibular, but not auditory, SE of the adult mouse and posthatch chicken ear also expresses Sox2. Jagged1, a ligand member of the Notch signaling pathway, is expressed in vestibular and auditory SCs in adult mouse inner ear. Jagged1 and Sox2 expression in inner ear SCs in the adult are not affected by drug damage.
Advantages and disadvantages of mouse model
Studies of drug-induced hearing loss have been hampered by the lack of a good mouse model. Experimental protocols to induce HC damage in mice with ototoxic drugs have been limited by systemic toxicity, the need for repeated applications to produce damage, lesion variability, lack of rapid HC damage after a single application, and/or the necessity of surgery for the drug administration. In this report, we describe a nonsurgical approach for inducing HC damage in vivo in adult mouse organ of Corti by a single high-dose injection of aminoglycoside, 
N=2-4 organs; 4-5 areas sampled per region per organ
All nuclei were counterstained with bisbenzimide. Calbindin-labeled nerve fibers surround a subset of HCs in the striolar/juxtastriolar region only.
Calbindin+/Sox+ denotes a Sox2-positive nucleus in the HC layer that is surrounded by a calbindin-positive nerve fiber, Calbindin+/Sox− denotes a bisbenzimide (Sox2-negative) labeled nucleus in the HC layer surrounded by a calbindin-positive nerve fiber.
FIG. 8.
Confocal images of Sox2 expression in adult mouse vestibular sensory epithelia. The images in parts A-E are brightest point projections from levels of Z series stacks taken parallel to the reticular lamina (step size=1 μm). The images are from whole-mount preparations of normal adult mouse utricles immunolabeled for Sox2 (red; A-E) and the HC-specific marker myosin 7a (green; B-C), or the calcium-binding protein calbindin (green; D-E), which delineates the striolar region. The nuclei are counterstained for bisbenzimide (blue). The mammalian vestibular sensory epithelium contains SCs, nerve fibers, terminals, and two types of HCs. Type I HCs are flask shaped and enclosed in a nerve calyx, whereas Type II HCs are cylindrical and have multiple bouton-type nerve endings. The HCs are distributed along the luminal surface of the epithelium, and their cell bodies do not make contact with the basal lamina. Support cells are interposed between HCs, and their cell bodies typically extend the entire depth of the epithelium, from the lumen to the basal lamina. Support cell nuclei reside primarily within the basal half of the epithelium, whereas HC nuclei reside in the luminal half. A SC nuclear layer. The image is the brightest point projection, where nuclei in the SC layer are in focus. Sox2 (red) labels SC nuclei. A rare unlabeled nucleus can be observed (e.g., arrows). Gaps occur in the nuclear layer where nerve fibers penetrate the layer. B HC layer. The image is a Z series projection where Sox2-positive HC nuclei are in focus. Double labeling with Sox2 (red) and myosin 7a (green) shows that a subset of vestibular HCs is Sox2 positive (e.g., arrowhead). Sox2-negative HCs are also present (e.g., arrow) in this Z plane, but they predominate in planes located slightly lower in the epithelium as shown in part C, a Z plane cross-section of the region shown in (B). C Two Sox2-negative HCs (asterisks) are located lower in the epithelium than the Sox2-positive HCs. Myosin labeling for the rightmost Sox2-negative HC is not readily apparent in this section but becomes prominent in subsequent Z plane cross-sections (data not shown). A portion of the nucleus of the leftmost Sox2-negative HC is visible, and the nucleus comes into focus in adjacent Z plane cross-sections. SC supporting cell nuclear layer. D Extrastriolar and striolar HCs. Sox2-positive and Sox2-negative HCs are present in the extrastriolar region (left part of image). The boxed region, shown at a higher magnification in part E, delineates a small region of striolar tissue. E Striolar HCs. Calbindin (green) labels large afferent nerve fibers that surround Type I HCs that are Sox2-negative (e.g., arrow). The calyx indicated by the arrow is shown in the inset, where only the green channel with the calbindin labeling is shown. One branch of the nerve fiber contacts three HCs and the second branch contacts another HC. Both Sox2-positive (arrowhead) and Sox2-negative HCs (e.g., arrow) are present in the striolar region. Scale bars=20 μm in panels A and D and 10 μm in panels (B-C) and (E).
kanamycin, followed by a single injection of a loop diuretic, furosemide. This protocol results in a rapid and consistent loss of the OHCs along virtually the entire length of the cochlea. The rapidity of this technique will facilitate new studies of early events after drug damage. The processes of HC death, survival, and repair/regeneration can also be further examined and manipulated in genetically modified animals with the goal of improving our understanding of the underlying molecular mechanisms. (Brown and McElwee 1972; Kusakari et al. 1978a; Wangemann 1995) . Furosemide, and other loop diuretics such as bumetanide, causes an acute enlargement of the intrastrial space (Santi and Duvall 1979; Pike and Bosher 1980; Santi and Lakhani 1983) in association with a decline in the positive endocochlear potential (EP; Kusakari et al. 1978a, b) . Bumetanide inhibits the Na
− cotransporter, which is abundantly expressed in the basolateral membrane of the marginal cells (Crouch et al. 1997; Mizuta et al. 1997) . Whereas the predominant ototoxic effects of loop diuretics on cochlear function are thought to result from their interference with stria vascularis function, the loop diuretics also appear to interact directly with HCs and directly alter the motility of OHCs (Santos-Sacchi et al. 2001) .
Furosemide and other loop diuretics are wellknown potentiators of aminoglycoside effects. The combined administration of a loop diuretic with an aminoglycoside-each at a nontoxic dosage-leads to a rapid and profound hearing loss in humans and animals (Mathog and Klein 1969; Meriwether et al. 1971; Brummett et al. 1975 Brummett et al. , 1981 Santi et al. 1982) . The mechanisms underlying the synergistic effects of aminoglycosides and loop diuretics on HC ototoxicity remain to be fully elucidated. Tran Ba Huy et al. (1983) proposed that the ototoxic potentiation by loop diuretics is caused by the facilitation of penetration of aminoglycosides into the endolymph. A loop diuretic-induced reduction of the normally positive EP to negative values could facilitate entry of the positively charged aminoglycosides into the endolymph . Aminoglycosides in the endolymph are then thought to enter the HCs largely through the mechano-transducer channels that effectively act as a one-way value for the passage of the aminoglycoside. They become trapped in the HCs so that they accumulate and cause their ototoxic effects (Farris et al. 2004; Marcotti et al. 2005) . Marcotti et al. (2005) propose that aminoglycoside entry through the transducer channel would lead to a direct relation between resting transducer current size and drug entry and that this might explain why OHCs, which have larger transduction currents, are more susceptible than IHCs (Kros et al. 1992; . Results in an accompanying paper, however, suggest an equivalent aminoglycoside uptake in IHCs and OHCs ). Hence, the increased resistance of IHCs to aminoglycoside-induced damage would not be explained by a differential uptake of the drug.
Support cell degeneration after HC loss
In some models, extensive HC death in the adult rodent organ of Corti can lead to SC death and complete degeneration of the organ within weeks (Bichler et al. 1983; Fredelius 1988; Fredelius et al. 1988; Lenoir et al. 1999) . The underlying causes for the SC death are unknown. Conceivably, they could be a consequence of a loss of trophic factors normally supplied to SCs by HCs or nerve fibers innervating the HCs leading to the secondary degeneration of the SCs. Immunohistochemical studies suggest SCs may take up aminoglycosides (De Groot et al. 1990; Imamura and Adams 2003) , but studies examining uptake of radioactively labeled aminoglycoside in organ of Corti cells demonstrate little uptake in SCs.
Hence, it appears unlikely that the SC death is the result of a direct aminoglycoside-induced toxicity to the SCs themselves (Aran et al. 1995; Richardson et al. 1997 Richardson et al. , 1999 . With our kanamycin-furosemide lesion paradigm, where OHCs are preferentially lost throughout the cochlea, we observed that SCs do not appear to degenerate markedly by 1 to 3 months post-lesion. Pillar and Deiters' cells remain in the organ, as evidenced by the distinctive actin-microtubular intracellular filament bundles identifiable within these cell types in the damaged organ (e.g., Fig. 3D ) and the characteristic morphological shape of the remaining pillar cells. Either additional time is required with our lesion paradigm before marked SC degeneration occurs, or other mechanisms such as the IHCs/ associated nerve endings can provide sufficient trophic factors for the sustenance of the Deiters' cells and other SC subtypes and prevent their dedifferentiation into a less-differentiated state. The retention of the SCs may enhance neuronal survival (Sugawara et al. 2005) .
Are inner ear support cells stem-like cells?
Support cells in the neonatal and mature organ of Corti are normally quiescent and unable to reenter the cell cycle after insult (Sobkowicz et al. 1992 (Sobkowicz et al. , 1997 Roberson and Rubel 1994; Chardin and Romand 1995; Zine and de Ribaupierre 1998) . A variety of morphologically distinct SC types exist in the mature organ of Corti, and some subtypes are highly differentiated (e.g., pillar and Deiters' cells). This high level of differentiation has raised concerns that SCs in the mature organ of Corti may be too highly differentiated to reenter the cell cycle in response to HC damage. However, recent findings suggest stem/ progenitor cells may be present in the neonatal organ of Corti. SCs are able to divide in this tissue after certain experimental manipulations, including dissociation and culture with mitogenic growth factors (Malgrange et al. 2002; Doetzlhofer et al. 2004; White et al. 2006; Savary et al. 2007 ). It is not known whether dissociated cells in the mature organ of Corti possess similar proliferative capabilities. This organ is known to loose its capacity for sphere formation during the third postnatal week, suggesting a loss of stem cells or stem cell features by this time (Oshima et al. 2007) .
Targeted deletions of cell cycle regulatory genes have revealed the potential of some postnatal organ of Corti SCs to reenter the cell cycle and to proliferate. Deletion of the cyclin-dependent kinase inhibitor, p27
Kip1 , in mice leads to production of supernumerary cells in the organ of Corti through excessive mitoses that extend significantly past the normal developmental period (Chen and Segil 1999; Löwenheim et al. 1999) . Two other cell cycle regulatory genes, p19
Ink4d and retinoblastoma, are also necessary for normal developmental cell cycle exit in the organ of Corti (Chen et al. 2003; Sage et al. 2005; Mantela et al. 2005) . Deletion of either gene leads to highly disregulated DNA synthesis, including DNA synthesis in mature HCs. These studies demonstrate that some proliferative potential is retained among SCs in the postnatal organ of Corti, although it is severely restricted under normal conditions. Several lines of evidence also suggest that inner-ear stem cells may be present in the mature mammalian vestibular SE, but in a quiescent or restricted state. Limited levels of mitotic activity occur in vestibular SCs after aminoglycoside-induced HC damage (Warchol et al. 1993; Lambert 1994; Rubel et al. 1995; Oesterle et al. 2003) , and growth factors that are mitogenic for stem/progenitor cells in other systems (e.g., epidermal growth factor, transforming growth factor-α, insulinlike growth factor-1) stimulate proliferation of mature mammalian vestibular SCs (Yamashita and Oesterle 1995) . This proliferation leads to the production of small numbers of new SCs and, possibly, new HCs, in adult mammalian vestibular SE (Warchol et al. 1993; Lambert 1994; Yamashita and Oesterle 1995; Kuntz and Oesterle 1998; Oesterle et al. 2003) . Furthermore, cells isolated from adult mouse utricular SE contain multipotent self-renewing cells that can generate cells with HC characteristics (Li et al. 2003a, b; Oshima et al. 2007) . Taken together, these data suggest the presence of rare inner ear stem/progenitor cells in adult mammalian vestibular SE.
We observed Sox2 expression in virtually all SCs in the adult organ of Corti and vestibular SE. Is this expression indicative of stem cell potential in these cells? Sox2 is a known marker for stem/precursor cells in a variety of tissues at different stages of development, including stem cells in neurogenic regions of the adult central nervous system and sensory retinal and taste bud precursors (Van Raay et al. 2005; Taranova et al. 2006; Okubo et al. 2006) . Given the limited proliferative capabilities of mammalian SCs in the mature ear, our finding that Sox2 is expressed by virtually all inner ear SCs is surprising and appears incongruent with the idea that Sox2 marks stem cells in this tissue and plays a role in the maintenance of a stem-cell like fate. Instead, one might anticipate a highly limited stem/precursor cell distribution in adult mammalian inner ear tissues. Alternatively, Sox2 may not be involved in maintaining a stem cell-like state in the SCs, but rather in the maintenance of the SCs and/or their function. It is also possible that a combination of both of these exists, a role for stem-cell maintenance in a subset of the cells and a role in SC function and maintenance in another subset of SCs. Our finding that Sox2 is expressed in a subset of vestibular HCs, a highly differentiated cell type without proliferative capacities and for which precursor cell properties cannot be assumed, further suggests Sox2 has roles besides stem cell functioning in mature inner ear tissues. Clearly, future work is needed to delineate Sox2's roles in the adult inner ear. Experiments characterizing the expression of other members of the Sox family in adult inner ear SE are needed, as are experiments that manipulate the levels of Sox2 expression in specific inner ear cell types (e.g., loss of function, gain of function, and conditional ablation studies). These experiments will no doubt shed light on the maintenance and stem cell functions of this protein in the adult inner ear.
Does Sox2 label type II HCs?
Sox2 labels a subset of vestibular HCs, in both the striolar and extrastriolar regions. Within the striolar/ juxtastriolar region, the Sox2-labeled HCs are not contacted by large calbindin-positive calyx endings, suggesting they are Type II HCs. An additional observation linking the Sox2-positive HCs to Type II HCs is that the Sox2-positive HC nuclei tend to be located slightly higher (closer to lumen) in the epithelium than the nuclei of the Sox2-negative HCs. Nuclei of Type II HCs are reported to be positioned closer to the lumen than Type I HC nuclei, which are generally located just above the SC nuclei (Desai et al. 2005) .
Our estimates of total HC density (striola, 1.4±0.3 HC/ 100 μm 2 SE [mean±SD]; extrastriolar, 1.7±0.4) agree well with those reported by Desai et al. (2005) for adult CBA/J mice (striola, 1.6±0.05 HC/100 μm 2 SE [mean±SE]; extrastriolar, 1.7±0.09). Roughly equivalent numbers of Sox2-negative and Sox2-positive HCs were observed in the striolar/juxtastriolar region, a ratio of 1.1±0.2 Sox2-negative to Sox2-positive HCs. Our data do not support the idea that there are twice as many Type I HCs in the striola region compared with Type II HCs; a 2:1 ratio was proposed by earlier studies (Engström and Wersäll 1958; Lindeman 1969; Watanuki and Meyer zum Gottesberge 1971) . Our ratio is also lower than the 1.5±0.02 (mean±SE) Type1/Type II ratio reported by Desai et al. (2005) . The inclusion of juxtastriolar cells in our analysis may account for some of the discrepancy, as Desai et al. (2005) quantified the striolar region specifically, not the larger striolar/juxtastriolar region. An alternative explanation is that Sox2 labeling does not fully delineate Type I from Type II HCs.
In the extrastriolar regions of the utricular macula, both Sox2-positive and Sox2-negative HCs are present, with a ratio of 1.5±0.3 Sox2− to Sox2+ HCs. This is suggestive of a 1.5 Type I/Type II HC ratio in the extrastriolar region of the utricular macula. The two kinds of HCs have been reported to occur in nearly equal numbers in the extrastriolar regions of mammalian otolithic organs (Engström and Wersäll 1958; Lindeman 1969; Watanuki and Meyer zum Gottesberge 1971) , and a Type 1/Type II ratio of 1.2±0.01 (mean±SE) was reported by Desai et al. (2005) .
We used utricles double-labeled for Sox2 and calbindin to estimate numbers of Type I and Type II HCs in the utricle and made the assumption that all cells within the HC nuclear layer are HCs. This assumption was based on two findings: (1) There is no ongoing production of new cells in the adult mammalian utricle; hence, cells in the process of dividing are absent from the HC layer in this tissue (Yamashita and Oesterle 1995; Kuntz and Oesterle 1998) ; and (2) our double-labeling experiments for FIG. 12 . Jagged 1 expression in normal adult mouse utricle. Wholemount preparations of adult utricular macula immunostained for Jagged1. The entire macula is shown in (A), and the boxed region is shown at higher magnification in the inset, where the focal plane is near the reticular lamina. Jagged1 labels SC membranes throughout the macula. Jagged1 also labels the membranes of transitional epithelial cells. B-C Brightest point projections from a confocal Z series spanning the depth of the sensory epithelium. Z levels near the SC nuclear layer are shown in (B), and a level near the reticular lamina is shown in (C). Hair cells appear as large black holes (arrow in C). SE Sensory epithelium; TE transitional epithelium. Scale bars for (A) and its inset equal 100 and 20 μm, respectively. The scale bar in (C) equals 20 μm and applies to panels (B-C).
myosin and Sox2 indicated that Sox2-negative cells in the HC layer are HCs. We cannot rule out the possibility of a rare Sox2-negative non-HC being present in the HC nuclear layer. However, we would argue that the rarity of such a cell would not lead to a significant overestimation of the number of Sox2-negative (Type I) HCs. Our estimates of striolar Type I HCs, as discussed above, are lower, not higher, than those reported by Desai et al. (2005) , and our estimates of total HC density agree.
At present, it is difficult to speculate regarding the functional role Sox2 plays in vestibular HCs in the adult ear. As mentioned above, Sox2 is expressed in a subset of differentiated neurons in the adult brain, and it has been suggested that it may play a role in neuronal function and maintenance (Ferri et al. 2004; Episkopou 2005) .
In conclusion, we have developed several useful tools for studying HC regeneration in mature mice. The single high-dose injection of the aminoglycoside kanamycin followed with a single injection of the loop diuretic furosemide results in rapid OHC death throughout virtually the entire cochlea of the adult mouse. Studies examining the time course of the drug-induced changes can be now readily undertaken, because of the rapid, synchronized, and reliable lesion. We identified two markers of adult SCs, Sox2 and Jagged1, that may be useful to assess responses of SCs to HC damage. The transcription factor Sox2 is expressed specifically in SCs in the normal and drugdamaged adult mouse inner ear. Sox2 immunoreactivity is found in auditory and vestibular SCs and a subset of vestibular HCs, type II HCs. The Notch ligand, Jagged1, is expressed in vestibular and auditory SCs in the adult mouse. Despite the extensive loss of auditory OHCs in our aminoglycoside-induced injury model, the expression of Sox2 and Jagged1 in SCs appear unaffected.
